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20 BACKGROUND 

Field of the Invention 

The present invention relates to the design of digital circuitry for 
performing arithmetic operations. More specifically, the present invention relates 
25 to a method and an apparatus for quantifying a number of identical consecutive 
digits starting from a fixed position within a string of digits. 



Related Art 

As computer networks grow increasingly more powerful, it is becoming 
30 possible to communicate streaming video over a computer network to be 
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displayed on a remote computer system. One of the challenges in doing so is to 
compress the video data so that it can be transmitted efficiently across the 
computer network. During this compression process, one commonly performed 
arithmetic operation is to quantify run-lengths of identical digits in the stream of 

5 video data. This allows a compression algorithm to efficiently compress 

sequences of identical digits. Note that this quantification process must take place 
rapidly to keep pace with the bandwidth requirements of streaming video. 
Unfortunately, existing video processing circuitry is typically unable to quantify 
sequences of consecutive identical digits in an efficient manner. 

1 0 The run-length quantification operation also occurs in other common 

computational tasks that are not necessarily related to video compression. For 
example, during a floating-point arithmetic operation, it is often necessary to 
normalize the result of the floating-point operation by eliminating leading zeros. 
In order to do so, the floating-point circuitry must somehow determine the number 

1 5 of leading zeros in the result. Note that this normalization process must take place 
as rapidly as possible in order to achieve optimal floating-point performance. 

Hence, what is needed is a method and an apparatus for quantifying the 
number of identical consecutive digits within a string of digits in an efficient 
manner. 

20 

SUMMARY 

One embodiment of the present invention provides a system for 
quantifying a number of identical consecutive digits starting from a fixed position 
within a string of n digits. The system operates by converting the string of n digits 
25 into a thermometer code, wherein the thermometer code uses m bits to represent a 
string of m identical consecutive digits within the string ofn digits. Next, the 
system converts the thermometer code into a one-hot code in which only one bit 
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has a logical one value. Finally, the system converts the one-hot code into a 
logarithmic code representing the number of identical consecutive digits. 

In one embodiment of the present invention, converting the string of digits 
into the thermometer code involves passing the string of digits through [\0g2n] 

5 layers of AND gates, wherein a first layer of AND gates produces thermometer 
codes for sub-strings of length two, and wherein each consecutive layer produces 
thermometer codes for sub-strings of length k+\ to 2k by ANDing together 
thermometer codes for sub-strings of length 1 to k from preceding layers. 

In one embodiment of the present invention, converting the thermometer 

10 code into the one-hot code involves passing the thermometer code through a 
single layer of two-input comparator gates, wherein a given comparator gate 
produces a logical one value when a first input of the comparator gate receives a 
logical one value and a second input receives a logical zero value. A single 
comparator gate is coupled between each consecutive pair of thermometer code 

1 5 bits, so that only one comparator gate, covering the boundary between consecutive 
logical ones and consecutive logical zeros, produces a logical one value. 

In one embodiment of the present invention, converting the one-hot code 
into the logarithmic code involves passing the one-hot code through flogi^]-! 
layers of OR gates, wherein a given bit in the logarithmic code is produced by 

20 ORing together bits of the one-hot code that cause the given bit in the logarithmic 
code to be asserted. 

In one embodiment of the present invention, the string of n digits is a 
string of n binary digits. 

In one embodiment of the present invention, the fixed position in the string 

25 ofn digits is the beginning of the string, so that the number of leading identical 

consecutive digits is quantified. In a variation on this embodiment, the number of 
leading zero values is quantified. 
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In one embodiment of the present invention, the system uses the 
logarithmic code to normalize a result of a floating-point arithmetic operation. 

In one embodiment of the present invention, the system uses the 
logarithmic code to encode or decode a stream of data, wherein the logarithmic 
5 code represents a run-length of identical consecutive digits within the stream of 
data. 

In one embodiment of the present invention, each digit in the string ofn 
digits includes one or more binary digits. 

1 0 BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 illustrates a computer system in accordance with an embodiment of 
the present invention. 

FIG. 2 illustrates a circuit for counting identical consecutive digits in 
accordance with an embodiment of the present invention. 
1 5 FIG. 3 illustrates a thermometer code circuit in accordance with an 

embodiment of the present invention. 

FIG. 4 illustrates a one-hot code circuit in accordance with an embodiment 
of the present invention. 

FIG. 5 illustrates a truth table for a logarithmic code circuit in accordance 
20 with an embodiment of the present invention. 

FIG. 6 illustrates logic equations for the logarithmic code circuit in 
accordance with an embodiment of the present invention. 

Table 1 illustrates C-code for generating an AND-gate matrix for a 
thenmometer code circuit in accordance with an embodiment of the present 
25 invention. 
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DETAILED DESCRIPTION 

The following description is presented to enable any person skilled in the 
art to make and use the invention, and is provided in the context of a particular 
5 application and its requirements. Various modifications to the disclosed 

embodiments will be readily apparent to those skilled in the art, and the general 
principles defined herein may be applied to other embodiments and applications 
without departing from the spirit and scope of the present invention. Thus, the 
present invention is not intended to be limited to the embodiments shown, but is 
10 to be accorded the widest scope consistent with the principles and features 
disclosed herein. 

The data structures and code described in this detailed description are 
typically stored on a computer readable storage medium, which may be any device 
or medium that can store code and/or data for use by a computer system. This 

1 5 includes, but is not limited to, magnetic and optical storage devices such as disk 
drives, magnetic tape, CDs (compact discs) and DVDs (digital versatile discs or 
digital video discs), and computer instruction signals embodied in a transmission 
medium (with or without a carrier wave upon which the signals are modulated). 
For example, the transmission medium may include a communications network, 

20 such as the Internet. 

Computer System 

FIG. 1 illustrates a computer system 100 in accordance with an 
embodiment of the present invention. Computer system 100 can generally include 
25 any type of computer system, including, but not limited to, a computer system 
based on a microprocessor, a mainframe computer, a digital signal processor, a 
portable computing device, a personal organizer, a device controller, and a 
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computational engine within an appliance. Computer system 100 is comprised of 
a number of components, including processor 106, memory controller 118, 
memory 110, bus 120 and network interface card (NIC) 122. 

In one embodiment of the present invention, processor 106 includes a 

5 floating-point unit 104 for performing floating-point operations. Within floating- 
point unit 104 is a circuit for quantifying identical consecutive digits 102, which is 
described in more detail below with reference to FIGs. 2-7. 

Processor 106 is coupled to memory 110 and bus 120 through memory 
controller 118. Memory controller 1 1 8 can include any type of circuitry that 

1 0 coordinates accesses to memory 110. Memory 1 1 0 can include any type of 

random access memory that stores code and data for use by processor 106. Bus 
120 can include any type of communication channel for coupling computer system 
100 to peripheral devices, such as NIC 122. 

NIC 122 can include any type of interface that can be used to couple 

1 5 computer system 1 00 with a network 124. Network 124 can generally include 
any type of wire or wireless communication channel capable of coupling together 
computing nodes. This includes, but is not limited to, a local area network, a wide 
area network, or a combination of networks. In one embodiment of the present 
invention, network 124 includes the Internet. 

20 In one embodiment of the present invention, memory controller 1 1 8 

includes a video compression/decompression circuitry 116, which can be used to 
process streaming video received from or sent to other computer systems across 
network 124. In order to facilitate processing this streaming video, video 
compression/decompression circuitry 116 includes an integer arithmetic unit 1 14, 

25 which includes a circuit to quantify identical consecutive digits 1 12 in accordance 
with an embodiment of the present invention. 
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Note that when computer system 100 performs floating-point operations, it 
makes use of identical consecutive digit circuit 102 within floating-point unit 104 
to count leading zeros in order to normalize results of floating-point operations. 

Similarly, when computer system 100 manipulates streaming video data, it 
5 makes use of identical consecutive digit circuit 1 1 2 within video 

compression/decompression circuitry 116 to quantify run lengths of identical 
digits within a video stream. 

The designs of both identical consecutive digit circuit 102 and identical 
consecutive digit circuit 1 12 are described in more detail below with reference to 
10 FIGs. 2-7. 

Note that although the present invention is described in the context of a 
floating-point unit 104 and video compression/decompression circuitry 116 within 
a computer system 100, the present invention is not meant to be limited to these 
implementations. In general, the present invention can be applied in any situation 
1 5 wherein a run length of identical consecutive digits needs to be determined. 

Circuit for Counting Identical Consecutive Digits 

FIG. 2 illustrates the structure of a circuit for counting identical 
consecutive digits 102 in accordance with an embodiment of the present 

20 invention. Circuit 102 includes a thermometer code circuit 202 that converts a 
string ofn digits into a thermometer code, wherein the thermometer code uses m 
bits to represent a string of m identical consecutive digits within the string of ;i 
digits. For example, assume that the circuit 102 determines the number of leading 
zeros in the 1 2-bit string 00000 1 0 1 1 1 1 1 . There are five leading zeros in this 1 2- 

25 bit string. Hence, the thermometer code for this string is 1 1 1 1 10000000. 

The output of thermometer code circuit 102 passes through one-hot code 
circuit 204 that converts the thermometer code into a one-hot code, wherein only 
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one bit has a logical one value. In the above example, the one-hot code 
representation for the thermometer code 1 1 1 1 10000000 is 000010000000. Note 
that there is a single one bit in the fifth position of this one-hot code because there 
are five leading zeros in the original string. 

5 The output of one-hot code circuit 204 passes through logarithmic code 

circuit 206 that converts the one-hot code into a logarithmic code, such as a binary 
code or a Gray code, representing the number of identical consecutive digits. In 
the above example, assume that the logarithmic code is a binary code. In this 
case, the output of logarithmic code circuit 206 is 0101, which is the binary code 

1 0 for the number five, which represents the five leading zeros in the original string. 



Thermometer Code Circuit 

FIG. 3 illustrates the structure of thermometer code circuit 202 in 
accordance with an embodiment of the present invention that identifies the 
1 5 number of leading ones in an eight-bit digital string. Note that the number of 
leading zeros can be identified by inverting the inputs to the circuit illustrated in 
FIG. 2. This can be accompUshed by replacing AND gates 301-304 with NOR 
gates. 

The circuit 202 illustrated in FIG. 3 includes three layers of two-input 
20 AND gates that count the number of leading ones in an eight-bit string. This 
circuit 202 has a recursive structure in which the first level, comprised of AND 
gates 301-304, detects contiguous digit pairs. More specifically, the 0 input to 
circuit 202 indicates whether the two-bit string 0..1 has a single leading one, and 
the output of AND gate 301 indicates whether the two-bit string 0.,1 has two 
25 leading ones. The 2 input to circuit 202 indicates whether the two-bit string 2.. 3 
has a single leading one, and the output of AND gate 302 indicates whether the 
two-bit string 2. .3 has two leading ones. The 4 input to circuit 202 indicates 
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whether the two-bit string 4.. 5 has a single leading one, and the output of AND 
gate 303 indicates whether the two-bit string 4.. 5 has two leading ones. Finally, 
the 6 input to circuit 202 indicates whether the two-bit string 6.. 7 has a single 
leading one, and the output of AND gate 304 indicates whether the two-bit string 
5 6. .7 has two leading ones. 

The next level of AND gates 305-308 combines with the outputs of the 
first level to provide a circuit that counts leading ones for the first four inputs 0..3, 
as well as a circuit that counts leading ones for the last four inputs 4.. 7. More 
specifically, the 0 input to circuit 202 indicates whether the four-bit string 0..3 has 

10 a single leading one, the output of AND gate 301 indicates whether it has two 
leading ones, the output of AND gate 306 indicates whether it has three leading 
ones, and the output of AND gate 305 indicates whether it has four leading ones. 
Similarly, the 4 input to circuit 202 indicates whether the four-bit string 4.. 7 has a 
single leading one, the output of AND gate 303 indicates whether it has two 

1 5 leading ones, the output of AND gate 308 indicates whether it has three leading 
ones, and the output of AND gate 307 indicates whether it has four leading ones. 

The last level of AND gates 309-3 12 combines with outputs of preceding 
levels to count leading zeros for the entire eight-bit string. More specifically, the 
0 input to circuit 202 indicates whether the eight-bit string 0..7 has a single 

20 leading one, the output of AND gate 301 indicates whether it has two leading 

ones, the output of AND gate 306 indicates whether it has three leading ones, the 
output of AND gate 305 indicates whether it has four leading ones, the output 
AND gate 310 indicates whether it has five leading ones, the output AND gate 
3 1 1 indicates whether it has six leading ones, the output AND gate 3 12 indicates 

25 whether it has seven leading ones, and the output AND gate 309 indicates whether 
it has eight leading ones. 
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Note this circuit can be generalized to count leading ones for any «-bit 
string by using [log2w] levels of AND gates. For example, the C-code that appears 
in Table 1 below generates the AND-gate matrix in FIG. 3. 



main ( ) 






{ int 


i, j, k ; 




for 
{ 


(i=l ; i<N ; i=2*i) 

for (j=0 ; j<N ; j=j+2*i) 

for (k=i; k<2*i; k++) 






(void) printf (" (%2d, %2d) 


j,j+k); 


} 

} 


(void) printf ("\n"); 





5 Table 1 

This code works for any non-zero value of N that is a power of 2. Note that the 
inputs to the first layer of AND gates in FIG. 3 should be inverted if we are 
looking for contiguous strings of zeros. To find the two inputs for a gate in the 
matrix, the layers above that gate are searched for values that when combined will 
10 produce the required output. 

One-Hot Code Circuit 

FIG. 4 illustrates a one-hot code circuit 204 in accordance with an 
embodiment of the present invention. This one-hot code circuit 204 is comprised 
15 of a single layer of two-input comparator gates, such as AND gate 400. Note that 
AND gate 400 has one of its inputs complemented, so that AND gate 400 is 
asserted only if its uncomplemented input receives a one value and its 
complemented input receives a zero value. 

Note that there is a comparator gate coupled between each consecutive 
20 pair of thermometer code bits, so that only one comparator gate, covering the 
boundary between consecutive logical ones and consecutive logical zeros in the 
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thermometer code, produces a logical one value. Hence, only one output of the 
layer of comparator gates produces a one value. 

Logarithmic Code Circuit 

5 FIG. 5 illustrates a truth table for logarithmic code circuit 206 in 

accordance with an embodiment of the present invention. Logarithmic code 
circuit 206 receives an /7-bit one-hot code from one-hot code circuit 204 and 
produces a [log2n]-bit output containing a logarithmic encoding of the one-hot 
code. The truth table presented in FIG. 5 illustrates a four-bit binary encoding BO- 

10 B3 for a 12-bit one-hot code XO-Xl 1 . 

Corresponding logic equations for each of the bits, B0-B3, of the binary 
code appear in FIG. 7. Note that each of these logic equations can be 
implemented by using one or more OR gates. In the general case of an n-hit one- 
hot code, each bit of the binary code is associated with n/2 bits of the one-hot 

1 5 code. Hence, n/2 bits of the one-hot code are ORed together to produce each bit 
in the binary code. This can be accomplished using [~log2n]-l levels of 2-input OR 
gates. 

Propagation Delay and Numbers of Gates 

20 The propagation delay through the thermometer code circuit 202 

illustrated in FIG. 3 is login gates for an n-hit input string. Furthermore, 
thermometer code circuit 202 includes approximately (n/2)\og2n gates. 

Similarly, the propagation delay through one-hot code circuit 204 is one 
gate, and one-hot code circuit 204 includes approximately n gates. 

25 Finally, the propagation delay through logarithmic code circuit 206 is 

log2in/2) = (Iog2n)-l gates. Furthermore, logarithmic code circuit 206 includes 
approximately (n/2)\og2n gates, because logarithmic code circuit 206 contains a 
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tree of OR gates for each of the \0g2n bits in the binary code, and each of trees 
contains approximately n/2 gates. 

Hence, the total propagation through the three stages of the circuit is logi^ 
+ 1 + ((log2n)-l) = 21og2n gates. Furthermore, the circuit contains approximately 
5 {n/T)\og2n + n + (n/2)\og2n = nlogzn + n 2-input gates. 

The foregoing descriptions of embodiments of the present invention have 
been presented for purposes of illustration and description only. They are not 
intended to be exhaustive or to limit the present invention to the forms disclosed. 
Accordingly, many modifications and variations will be apparent to practitioners 
10 skilled in the art. Additionally, the above disclosure is not intended to limit the 
present invention. The scope of the present invention is defined by the appended 
claims. 
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